Abstract Removal of petroleum products from contaminated soil is a long-term process requiring attention and constant monitoring. The aim of this study was to determine the effect of Fyre-Zyme enzyme preparation and/or calcium carbonate on microbiological changes and conversion of n-aliphatic hydrocarbons in soil contaminated of petroleum-derived substances. The material for testing was soil contaminated with petroleum substances. The total concentration of n-alkanes with a C8-C40 chain length was 420.1 mg·kg −1 DM. The pot tests were carried out by introducing stimulators. As a decomposition promoter for n-alkanes in contaminated soil, a 6% water solution of Fyre-Zyme and/or 1% sterile CaCO 3 was used. The pots were incubated at 25°C for 21 days. The dynamics of changes in the microbiota and concentration of n-alkanes were controlled for 21 days, every 7 days taking soil for testing. Microbiological tests included determining the total number of bacteria and fungi. Chemical analysis was performed by chromatographic method. Stimulating of soil bioremediation of contaminated hydrocarbons with calcium carbonate increased the number of bacteria, and stimulation with Fyre-Zyme and calcium carbonate-the number of filamentous fungi. There was no significant correlation between the concentration of n-alkanes in the soil and the total number of bacteria and fungi but stimulating of soil bioremediation with calcium carbonate increased the number of bacteria, and stimulation with FyreZyme and calcium carbonate-the number of filamentous fungi. The observed correlations indicate that the concentration of n-alkanes in the contaminated soil increases with the addition of Fyre-Zyme.
Introduction
Along with the very rise of crude oil demand as well as its derivatives (Cirovic et al. 2015) , the problem of ground and water contamination appears regularly in all industrial countries (Nowak 2008; Gateuille et al. 2014) . Petroleum substances get down into soils as a result of the crude oil extraction and its process in refineries, breakdown of fuel warehouses, and seepages from pipelines-the infrastructure of the oil-burning sector (Janusz 2013 , Abdel-Shafy and Mansour 2016 , Banerjee and Ghoshal 2017 . In soils, they might be spread in a form of substances flowing on a soil solution surface, hydrocarbons dissolved in water or absorbed on soil particles or aerosols. The substances' spreading depends on their properties as well as structure, granulation, and soil porosity (Ziółkowska and Wyszkowski 2008) .
The petroleum-related substances which contaminate the environment belong to a group of dangerous wastes, extremely toxic for people, animals, and plants (Beak et al. 2006; Mendrycka et al. 2013; Alrumman et al. 2015) . The contaminated soil caused by hydrocarbons (aliphatic, monoaromatic, and polycyclic aromatic hydrocarbons (WWA)) lead to a biological balance disturbance in the result of an increase of organic carbon amount and the assimilable forms of nitrogen, phosphorus, and potassium deficit. As an effect, a metabolism dysfunction and retardation of plant vegetation is observed, in extreme cases-even plants dieback because of inhibition in drawing of water, minerals, nutritious substances, and the oxygen too (Krosowiak et al. 2008; Pawełczak et al. 2015) .
The processes of contamination removal or precipitation of hydrocarbons' decay deriving from crude oil are conducted with the use of different techniques and with different effectiveness. By these, chemical, physicochemical, and biological methods are meant, which include photodegradation as well as biodegradation in the in situ or ex situ conditions (Ziółkowska and Wyszkowski 2008; Lal et al. 2010; Rosik-Dulewska et al. 2015; Azubuike et al. 2016) . Biodegradation of petroleum substances hydrocarbons can be limited by many factors, among others are autochthonous microbiota, the accessibility of biogenic compounds, the environment reaction, temperature, humidity, the accessibility of oxygen, physicochemical properties of soil, and by a type as well as the contamination intensity (Pala et al. 2006) . In order to increase the biodegradation effectiveness, various bioremediation techniques can be applied, by using living organisms, their parts, metabolites, and enzymes for contamination removal (Marchut-Mikołajczyk et al. 2013 ) and supporting the soil microbiota growth by adding nutritious substances and/or oxygenation, emulsifying agents or surfactants which lead to the growth of contamination bioavailability for microorganisms (Cebula and Rajca 2014) . Microorganisms which are elements of vaccines composition should be characterized by resistance to the contamination type and concentration, the ability of quick propagating in the environment and competitivity to soil microbiota (Mrozik and Piotrowska-Seget 2010; Dellagnezze et al. 2014) . Independently on the bioremediation method applied, the toxic substances decay takes place with the participation of enzymes produced by microorganisms. The level of soil bioremediation depends on the catalytic efficiency of the enzymes present in the microorganisms' cells or in the induced ones, developed towards particular substrates (Csutak et al. 2010; Lal et al. 2010; Krzyśko-Łupicka and Robak 2011; Krzyśko-Łupicka and Kręcidło 2018) . Organic compounds degradation in the environments contaminated by hydrocarbons has been conducted by three groups of microorganisms, isolated from crude oil and liquids extracted out of mining processes: fermentative bacteria, bacteria responsible for sulfates (BRS) reduction, which completely oxygenate organic compounds to carbon dioxide or incompletely to acetate and metanotrophic archeons, which produce CH 4 (Wolicka 2010; Jankowska and Swędrzyńska 2016) . CO 2 and H 2 O are the results of complete degradation of aliphatic hydrocarbons.
Despite the participation of various autochthonous microorganisms in the process of reducing petroleum substances from the environment, only 0.01-1% of the general number of soil bacteria displays the ability of hydrocarbons biodegradation. Therefore, to increase the level of effectiveness and shorten the t i m e o f r e f i n i n g c o n t a m i n a t e d g r o u n d s , biopreparations in the form of biomass or immobilized cells of microorganisms are used or enzymatic preparations (Mrozik and PiotrowskaSeget 2010; Robak et al. 2011; Krzyśko-Łupicka and Kręcidło 2018) . Preparations containing enzymatic complexes or single biocatalyzers capable of structure modification, reduction of a toxic contamination features, and in special cases-of conducting a complete mineralization of organic compounds to harmless, inorganic final products (Whiteley and Lee 2006) . In view of the fact that these enzymes are simpler systems than total organisms, enzymatic bioremediation becomes a more attractive tool in the environment biotechnology.
New solutions are continuously being searched for, which obviously require testing in the laboratory scale and defining the mechanisms of operation in the first place.
The aim of the study was to assess the influence of an enzymatic preparation Fyre-Zyme and/or calcium carbonate on the microbiological processes and n-aliphatic hydrocarbons in the soil contaminated of petroleumderived substances.
The Material and Research Methods

The Experimental Design
The material used for the research was soil (pH 7.7) contaminated by petroleum substances in a form of greasy, black mass and a characteristic fragrance. The samples of contaminated soils were collected from the loam sand of land at a depth of 0.3-1.0 m, in the on the site of a former refinery in south Poland (49.87378 N, 19 .02533 E). The total nitrogen and carbon were N tot. 0.21 and C tot. 0.45 g·kg , respectively. The content of petroleum-derived substances was approximately 1010 mg·kg −1 DM including 420.1 mg·kg −1 DM of nalkanes with C8-C40 chain length. After sampling, the soil was dried at room temperature for 4 days, passed through a 2-mm sieve, and stored at 4°C in the dark before use in experiments. The pot tests were set up in four replications. One kilogram of contaminated soil and stimulators presented in Table 1 was put to every pot. As stimulators of n-alkanes decomposition in contaminated soil, 6% of a preparation water solution Fyre-Zyme of the International Enzymes brand was used (Krzyśko-Łupicka et al. 2013 ) and/or 1% of sterile CaCO 3 . Fyre-Zyme consists of enzymes with the addition of biosurfactants, whose role is to facilitate the desorption of petroleum substances in the soil and stimulate microorganisms to degrade released products. In addition, the preparation is enriched with simple sugars, amino acids and additional growth factors. Both the test soil and the soil with stimulators were precisely mixed and incubated (without any covering) in the temperature of 25°C for 21 days. In all the essays, constant humidity level was obtained, adding the same water amount-50 cm 3 every 2 days°C. The dynamics of microbiota strength changes and the n-alkanes concentration was being controlled for 21 days; every 7 days, 1 g of soil was drawn in order to carry out the analysis of microbiological composition changes under the influence of the stimulators activity (FZ and/or CaCO 3 ) and 5 g of soil to use for chemical analysis. The test assay was also studied on a day, when the experiment was put into start.
The Microbiological Analysis
The microbiological analysis was carried out with a Koch's tenfold dilution method on the basis of Biomaxima company, according to the scheme provided in Table 2 .
The number of microorganisms was expressed as a logarithm of units creating colonies CFU·g −1 DM of soil. Diversified bacteria colonies were divided into morphological groups by using the Gram's stain technique and fungi were classified on the basis of their morphological features, using diagnostic keys (Barnett et al. 2002) .
The Chemical Analysis
The chemical analysis included:
& Indication of soil acidity submitted to remediation in the KCl (pH KCl ) solution by the potentiometric method, with the use of pH-meter of the N-512 type, ELPO company & Indication of dry mass in the room temperature & Chromatographic analysis GC/MS The process of extraction from contaminated soil was conducted in an automatic extractor fexIKA® of the IKA brand-Werke with the use of n-hexane (POCH GC grade). Both the quantitative and the qualitative analysis of n-alkanes extracts were conducted by the gas chromatography method, with the usage of gas chromatograph SHIMADZU GC 17A coupled with the mass detector MS-QP5000, in the following conditions: capillary column VF1, ms of the length 30 m; ID 0.53 mm and if 1.50 μm, the flow of carrier gas (He), 3 cm 3 per minute; the batcher temperature, 300°C; detector's temperature, 325°C. The temperature program: 100-3/12/320-12.; detector's power MS from 1.2 to 1.4 kV. The amount of n-alkanes in soil extracts was defined on the basis of file collection covering the boiling point range 126-522°C (n-alkanes from C8 (octane) to C40 (tetraoctane)). The quantitative composition of aliphatic hydrocarbons were provided in mg·kg −1 DM of soil.
Statistical Analysis
To assess the relationship between the concentrations of n-alkanes in soil and time and the change in the number of microbiota, statistical analysis was performed by Pearson correlation analysis in the software Statistica 13.1 (Dell Software, Round Rock, USA).
Results
From the soil contaminated with petroleum substances on the day when the experiment was put into start, 2.8·10 6 CFU·g −1 DM of bacteria, 1.6·10 4 CFU·g −1 DM of fungi and no yeast was found. In dependence on the time of the experiment as well as on the stimulators applied, the quantity of microorganisms in the contaminated soil visibly changed. At the beginning in all the objects, in comparison to the control, almost tenfold rise of the bacteria number was observed and later their hundredfold decrease in the objects with an extra amount of the Fyre-Zyme (FZ and FZ+Ca) preparation. The highest number of bacteria was noted in the objects stimulated with calcium carbonate (Ca) (Fig. 1a) . In the case of the fungi, in comparison to the control, the number was rising from 10 to 15 times in the objects with the extra amount of Fyre-Zyme (FZ and FZ+Ca), preparation and the additional amount of calcium carbonate (Ca) did visibly stopped their growth (Fig. 1b.) . The dominant groups of fungi belonged to the Penicillium, Aspergillus, and Fusarium strains.
The analysis of Pearson's correlation does not show any significant correlation between the concentration of n-alkanes in the soil and total number of microorganisms. The described correlations, both positive and negative, can be explained by different rates of hydrocarbon metabolism and different tolerance to aromatic hydrocarbons (Table 3 ). In the case of fungi, it was not possible to show the influence of hydrocarbons on their development.
In the course of the experiment, both in the test object (C) and in the test stimulated with the Fyre-Zyme (FZ) preparation and the Fyre-Zyme preparation and the calcium carbonate (FZ+Ca), there was a noticeable domination of gram-positive bacteria. However, in the objects treated only with calcium carbonate (Ca), the advantage was obtained by the gram-negative bacteria (Table 4) .
The microbiological changes were accompanied with the changes of pH and chemical composition of the analyzed samples, being the effect of enzymes and/or CaCO 3 stimulation activities. In the presence of stimulators, the soil pH in comparison to the control sample increased but after 21 days decreased and remained on the level of pH 8 (Fig. 2) .
The total content of n-alkanes (C8-C40) in the contaminated soil, dependently on the stimulation applied, underwent changes in the duration time of the process (Fig. 3) . The lowest total n-alkane content was noted after 14 days of process after stimulated with CaCO 3 . The Fyre-Zyme preparation was the most effective one only during the first 7 days, then a fourfold increase of n-alkanes concentration was observed. Nevertheless, after 3 weeks of bioremediation in the stimulated objects, a significant increase of n-alkanes was noted, in comparison to the control (C)-fourfold after stimulation with FZ, threefold after FZ+Ca stimulation, and one and a half fold after CaCO 3 stimulation, what may point at local desorption and diffusion of hydrocarbons from a soil complex. Simultaneously, twofold decrease of nalkanes was observed in control. Table 5 shows a significant positive correlation between the concentration of n-alkanes in soil and time. In addition, the presented data confirm a significant relationship between the concentration of n-alkanes in the soil and time of bioremediation. The observed correlations indicate that the concentration of n-alkanes in the soil increases with the addition of Fyre-Zyme by the distribution of aromatic hydrocarbons.
The changes concerned also the qualitative composition of n-alkanes in dependence on the stimulation applied (Table 6 ). In the contaminated soil in the largest amount of over 70 mg·kg −1 DM, there were only C16 and C18 hydrocarbons, and in an amount of 10-35 mg·kg −1 DM C22, C26, C28, C24, and C20
hydrocarbons. After using the FZ, changes in the content of individual hydrocarbons varied; after 7 days of the process, only the amount of C10, C14, and C22 hydrocarbons increased, and the remaining ones decreased compared to the initial soil sample. However, after 21 days of bioremediation, compared to the control, the content of C14 and C40 hydrocarbons (almost 20 times), C16 and C30 (15 times), and C22 (8 times) increased, and the C28, C36, and C38 hydrocarbons content decreased (5 times). The CaCO 3 used stabilized the soil environment of the bacteria, but after 21 days of the process, no significant changes in the quantitative and qualitative content of the n-alkanes were observed compared to the control. Simultaneous stimulation of CaCO 3 and FZ changed the intensity of the process-the overall content of n-alkanes decreased compared to the object treated only with FZ. In the FZ+Ca objects, in comparison to the control, the increase of short-chain hydrocarbons: C10 and C14 (40 times) and C16 (20 times). While the content of C36 and C38 decreased almost 10 times. 
The Debate on the Results
Nowadays, high level of the natural environment pollution with petroleum substances forces us to search for safe and more and more effective methods of its regeneration. The most commonly used bioremediation techniques are stimulation and/or bioaugumentation. Their aim is to increase the degradation activity of autochthonous microbiota and then stimulation or growth inhibition of some microorganisms groups, such as bacteria, actinomyces, yeast, and fungi. As enzymes constitute simpler systems than total microorganisms, enzymatic bioremediation becomes a more attractive tool in the environment biotechnology. Ho and Rashid (2008) , Krzyśko-Łupicka et al. (2013) , and Mysłek et al. (2016) showed that enzymatic preparations intensified the process of removing petroleum substances from contaminated soil and modified the microbiota's composition of this environment. The quantity of microorganisms as well as dynamics of their changes in the course of bioremediation can be a determinant of a biological activity and soil fertility as well as the level of its degradation (Guo et al. 2012 ). The obtained research results point at the fact that quantitativequalitative changes of microorganisms depend on the applied technique of the ground contamination removal. The stimulation of bioremediation contaminated with petroleum substances soil with the Fyre-Zyme preparation and the calcium carbonate was increasing the amount of fungi, what is confirmed by the studies of Nowak et al. (2008) . In the group of fungi isolates of Penicillium, Aspergillus i Fusarium were dominating. Similar results were also obtained by Abdel-Shafy and Mansour (2016) and Kopytko and Ibarra Mojica (2009) . However, the stimulation with the calcium carbonate caused an increase in the autochthonous bacteria quantity, mainly the gram-negative ones. The growth in the quantity of the group is considered as one of the indicators of contamination decline (Krzyśko-Łupicka and Kręcidło 2018).
The presence of diversified microbiota in the bioremediation process guarantees a better layout of petroleum substances. By the cooperation of different bacteria species and fungi, higher level of hydrocarbons biodegradation can be achieved. Long-chain hydrocarbons (alkanes and olefins) are decayed by many species of bacteria types (Pseudomonas, Acinetobacter, Arthrobacter, Corynebacterium, Nocardia, Mycobacterium, Geobacillus), also by numerous fungi, such as Cladosporium, Aspergillus, Fusarium, and Candida (Makut and Ishaya 2010) .
The n-alkane reduction on the bioremediation way takes place with the participation of enzymes, mixedfunction oxidase, and dioxygenases. In the case of the first group of enzymes, the final methyl groups of n-alkanes become oxidized to primary alcohols, which then, in the further oxidation reactions, become transformed to aldehydes and fatty acids. Dioxygenases influence also on the final methylic groups of n-alkanes, but at the same time, they also cause incorporation of two carbon atoms to the functional group and lead to superoxide creation, which are next transformed to fatty acids. In the course of further reactions, carboxylic acids, in most cases, are transformed to acethylo-CoA, which secondly in the tricarboxylic acid cycle undergoes reduction to CO 2 and H 2 O (Van Hamme et al. 2003; Whiteley and Lee 2006; Chikere et al. 2011) . Mixtures of different enzymes, both the ones discharged by a cell as well as the intercellular ones, are responsible for decomposition of petroleum substances in soil (Alcade et al. 2006) . The transitions are accompanied with reaction changes both in the contaminated soil without any preparation as well as after adding it, what may be caused by the metabolic microorganisms activity (Krzyśko-Łupicka et al. 2013 , Rosik-Dulewska et al. 2015 .)
The vulnerability of n-alkanes on biodegradation depends on the chemical structure of hydrocarbons and their molecular mass; hydrocarbons degradation of the chains length C10-C22 takes place in the fastest way and the other groups characterized by high hydrophobicity are disintegrated in a much more difficult way (Dindar et al. 2013; Hamed et al. 2013) . In our research, we have shown that the bioremediation stimulation with Fyre-Zyme preparation and with calcium carbonate was leading to a decrease of long-chain hydrocarbons content (C28, C36, and C38). Nevertheless, the observed increase of total n-alkanes concentration is probably caused by desorption of the adsorbed molecules of petroleum substances compounds and by the cyclic compounds degradation ( S i rg u e y e t a l . 2 0 0 8 ; R o b a k e t a l . 2 0 11 ; Krzyśko-Łupicka et al. 2013; Rosik-Dulewska et al. 2015; Haritash and Kaushik 2009 ). However, as Pawełczak et al. (2015) have proved, in the process of cleaning the soil contaminated with petroleum substances, the applied bioremediation technique has bigger influence on the plants' growth than the level of contamination with hydrocarbons.
Conclusions
1. There was no significant correlation between the concentration of n-alkanes in the soil and the total number of bacteria and fungi but stimulating of soil bioremediation with calcium carbonate increased the number of bacteria, and stimulation with Fyre-Zyme and calcium carbonate-the number of filamentous fungi. 2. The observed correlations indicate that the concentration of n-alkanes in the contaminated soil increases with the addition of Fyre-Zyme. 3. The stimulation techniques used caused an increase in the total content of n-alkanes compared to the initial concentration, the highest after stimulation with the enzyme preparation. 4. After stimulation bioremediation with FyreZyme or Fyre-Zyme and calcium carbonate, the content of long-chain hydrocarbons (C28, C36, and C38) decreased.
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